European climate exhibits variability on a wide range of timescales. Understanding the nature and drivers of this variability is an essential step in developing robust climate predictions and risk assessments. Previous research has suggested that the Atlantic Ocean may be an important driver of variability in European climate on decadal timescales [1] [2] [3] [4] [5] [6] , but the importance of this influence in recent decades has been unclear, partly because of difficulties in separating the Atlantic Ocean's influence from other influences such as the tropical Pacific Ocean and the stratosphere 7-12 . Here we show that, during the 1990s, there was a substantial shift in European climate towards a pattern characterised by anomalously mild, wet, summers in northern Europe, and hot, dry, summers in Southern Europe, with related shifts in spring and autumn. These changes in climate coincided with a major warming of the North Atlantic Ocean 13 , towards a state last seen in the 1950s. The patterns of change in the 1990s are consistent with previous changes that have been attributed to the North Atlantic Ocean 4,6 , and provide compelling evidence that the Atlantic Ocean was the key driver. Our results suggest that the recent pattern of anomalies in European climate will persist as long as the North Atlantic Ocean remains anomalously warm.
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The observed pattern of multidecadal variation in North Atlantic sea surface temperatures (SST) has become known as the Atlantic Multidecadal Oscillation or AMO 14, 4, 5 (Fig 1) . The instrumental record shows that, relative to the average temperature of the rest of the world's oceans, the temperature of the North Atlantic Ocean has fluctuated between anomalously warm and anomalously cool phases, each lasting several decades at a time. Palaeoclimate records suggest that similar variations extend much further back in time 3, 15 .
In climate model simulations AMO-like variations in SST are closely related to variations in the Atlantic Meridional Overturning Circulation (AMOC) 3, 5 . These variations can arise in the absence of any external forcings 5 , but can also be influenced by such forcings 16, 17 . The extent to which recent variations in the AMO have been influenced by external forcings is a subject of active research 16, 17 . Here, however, we focus on the impacts of the AMO rather than its drivers.
Climate models suggest that variations in the AMO can cause significant climate impacts in many regions, including North Africa, North and South America, South and East Asia and Europe [1] [2] [3] [4] [5] [6] [18] [19] [20] [21] 6 showed that the AMO in observations is also correlated on decadal timescales with an index of atmospheric circulation which they termed the Summer North Atlantic Oscillation (NAO).
During the 1990s the North Atlantic returned to a warm state similar to the warm state of ~1931-60 (Fig 1) . Recent evidence suggests that this 1990s warming was largely caused by an acceleration of the AMOC, and associated northward ocean heat transport, in response to the persistent positive phase of the winter NAO in the 1980s and early 1990s 13, 22 . Since the 1990s the warm conditions have persisted. The pattern of North Atlantic SST anomalies for the recent warm period (1996-2010) is very similar to that for the previous warm period (1931-60), albeit that the magnitude of the (detrended) anomalies is slightly greater in some regions (Fig 1 c,d ). Outside the North Atlantic there is also some consistency between the two periods, but the anomalies are generally weaker and noisier. (Note that any similarity outside the North Atlantic between the two periods is greatly diminished if no detrending is used -see Fig S5 and SI.) The similarity between the two periods in the pattern of North Atlantic SST anomalies suggests that similar mechanisms may have been responsible for the transitions, and that similar climate impacts may have been excited. To assess the climate impacts we examine the anomalous patterns of surface air temperature, precipitation, and sea level pressure for the two warm periods, relative to the intervening cool period (~1964-93). Because it is particularly difficult to separate in winter the ocean's influence on the atmosphere from the atmosphere's influence on the ocean 23 , we focus on spring, summer and autumn. To focus on the role of the North Atlantic
Ocean we detrend the observational data using a low-pass filtered index of SST outside the North Atlantic (see Fig 1 and Methods Summary).
The patterns of surface air temperature (SAT) anomalies over Europe for the two warm periods are very similar (Fig 2) . In all three seasons, warm anomalies are found, but there is seasonal variation. In spring, significant warm anomalies are limited to western Europe, with the largest anomalies (>0. The similarity between the two warm periods can also be seen in the seasonal evolution of Central England Temperature (CET) and European surface air temperature (see SI, Fig S1) . In both periods both indices are anomalously warm from March through to September (and also in November). These results are consistent with the seasonal mean correlations between the AMO and CET reported by KFS06, and suggest that a warm state of the North Atlantic favours a mild spring (especially April), summer and autumn, in England and across Europe.
The patterns of precipitation anomalies are, not unexpectedly, noisier than those for SAT but there is again a high degree of consistency between the two warm periods, especially in summer (Fig 3) . In spring, dry anomalies are found over the UK and France, and wet anomalies over Iberia, but the patterns are quite noisy, especially further east. In summer, however, there is a very clear banded pattern of wet anomalies extending across northern and central Europe (with a small region of dry anomalies along the west coast of Norway) and dry anomalies across southern Europe, reaching from Portugal to Turkey. Anomalies are 5-20% of the local seasonal mean rainfall (SI). In autumn, dry anomalies (up to 20% of the seasonal mean value) are found over Scandinavia, and wet anomalies of similar magnitude are found over the UK and southeastern Europe in both periods. Anomalies over Iberia differ in sign between the two periods.
A warm state of the North Atlantic Ocean could cause warm anomalies in SAT over Europe without any significant effects on atmospheric circulation (by advection over land of air warmed by the ocean). However, the coherent and consistent patterns of precipitation anomalies suggest changes in atmospheric circulation, which are confirmed by Fig 4. In spring, there is an anomalous ridge (high SLP) over central Europe, sandwiched between two anomalous troughs (low SLP) over the northeast Atlantic Ocean and northeastern Europe. It is likely that this ridge is linked to the low (dry) precipitation anomalies seen over the UK and France in this season (Fig 3) . The implied anomalous southerly flow over western Europe may also contribute to the warm SAT anomalies (Fig 2) . In summer, the pattern of SLP anomalies over North Africa, the northeast Atlantic and western Europe is again consistent between the two periods. The anomalous trough centred over western Europe is consistent with the band of high (wet) precipitation anomalies that stretches eastward from the UK through central and northern Europe (Fig 3) . This pattern of anomalies is very similar to the Summer NAO 6 . In autumn, a dipolar pattern of SLP anomalies is located over Europe with an anomalous ridge over Scandinavia and northeastern Europe, and an anomalous trough over southern Europe, the Mediterranean Sea and North Africa. This pattern is again consistent with the pattern of precipitation anomalies (dry over Scandinavia and northeastern Europe and wet over central and southern Europe, Fig 3) . Note that, in all seasons, the patterns of SLP and precipitation anomalies are very similar when no detrending is used (not shown).
The consistency between the two warm North Atlantic periods in the patterns of anomalies in SAT, precipitation and SLP is strong circumstantial evidence that the North Atlantic Ocean was an important driver of these decadal variations in European climate. This hypothesis is supported by the correlations on decadal timescales between the AMO and indices of seasonal mean SAT, SLP and precipitation variability (see SI, Figs S2-S4 and Table S1 ). Substantial further evidence for summer in particular is provided by the consistency between the observed pattern of anomalies, and patterns obtained in climate model simulations in which the Atlantic Ocean is unambiguously the driver responsible 4,5 ( Fig 2 of SH05  4 ; Fig 3 of KFS06  5 ).
Indeed, the pattern of anomalies we have shown for the recent warm period is entirely consistent with the prediction provided at the end of SH05, of "increased [relative to 1961-90] summer precipitation and temperatures in western Europe". Put together, the evidence is compelling that the North Atlantic Ocean was indeed the driver of the shift in European summer climate that took place in the 1990s.
The anomalies that KFS06 found for spring and autumn show some differences from those we have identified in the observations. The patterns of SLP anomalies are similar to ours over the North Atlantic (particularly for spring), but they differ over Europe. As expected, these differences in circulation anomalies are associated with different precipitation anomalies: in autumn, for example, KFS06 show increased precipitation in northern Europe and decreased precipitation in southern Europe, whereas we find approximately the opposite pattern. We hypothesise that these differences are caused by biases in the climate model used by KFS06. Testing this hypothesis with other climate models is an important area for future work. An alternative hypothesis is that other factors, not included in the simulations of KFS06, are important in spring and autumn; however, to account for our results, any such factors must vary in phase with the AMO.
Our results enhance significantly the growing body of evidence [1] [2] [3] [4] [5] [6] [18] [19] [20] [21] that the AMO is a key driver of decadal variability in the climate of Europe and other regions. They also suggest that the recent pattern of mild, wet, summers in northern Europe and hot, dry summers in Southern Europe (and the related patterns of warm, dry, springs in northwestern Europe, warm dry autumns in Scandinavia, and wet autumns in southeastern Europe) may be expected to continue as long as the current warm phase of the AMO persists. However, it is uncertain how long this will be. This uncertainty reflects gaps in understanding of the factors that drive the AMO. 5, 16, 17 The evidence that the AMOC played an important role in the transition to a warm phase during the 1990s 13 suggests that the behaviour of the AMOC is likely to be one important factor for the future of the AMO. Some decline in the AMOC, favouring a return to the cool phase of the AMO, seems likely. Such a decline could arise as a response to the observed decline in the winter NAO index 24 , following its peak in the early 1990s, or in response to recent and future surface warming (which acts to inhibit deep water formation in the subpolar North Atlantic). An interesting possibility is that the transition to a cool phase of the AMOor part of such a transition -might occur rapidly, as seems to have occurred during the last transition from a warm to a cool phase 25 . Were this to happen, our results suggest that the consequences would include a rapid change in European climate, albeit one of uncertain magnitude.
Methods Summary
We used four datasets derived from observations. HadISST 26 Fig 1a) . Low pass filtered versions of these indices were generated using a Chebyshev recursive filter 30 with a cut-off at 11 years to remove the interannual variability. SAT, SLP and precipitation data were detrended by removing the regression at each grid point to this low-pass filtered gSSTmA index. For each detrended variable or field, means and variances were computed for the North Atlantic warm periods 1931-1960 and 1996-2010 (1996-2009 in the case of SAT and precipitation), and the cool period 1964-1993. Anomalies were calculated as the differences between the means for the relevant warm period and the mean for the cool period. Statistical significance was assessed using a two tailed Student t-test. 
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